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1.0  HTHX Project Highlights 
 
• Liquid Salt Technical Working Group Meeting.  The first meeting of the Liquid Salt 
Technical Working Group was held on October 28, 2005 at the Pratt Whitney 
Rocketdyne facility in Canoga Park, CA.  20 experts from academia, industry, and 
national laboratories participated to discuss current state of knowledge and research 
needs for high temperature liquid salt applications. 
 
• Nuclear Hydrogen Initiative Semi-annual Review.  Several participants from the 
UNLVRF University Consortium gave technical presentations at the NHI Semi-annual 
Review meeting in Rockville, MD, November 9-10, 2005. 
 
• Quarterly Collaboration Meeting.  The University of Nevada, Las Vegas hosted a 
UNLVRF HTHX Project quarterly meeting December 5-7, 2005.  The purpose of the 
meeting was to promote collaboration and communication among the UNLV Research 
Foundation partners.  This meeting had added significance in that members of the French 
Atomic Energy Commission (CEA) were also invited to present the work of the French 
program.  There were 39 attendees from universities, national laboratories, and private 
industry, including three visitors from the CEA.  Collaborators discussed their research 
program plan and provided an update on their progress.  The next meeting will be in 
March in Albuquerque, NM. 
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2.0  UNLV Design and Testing Group 
 
The University of Nevada, Las Vegas Design and Testing Group supports the following two 
activities in the UNLVRF High Temperature Heat Exchanger (HTHX) Project:   
• HTHX Thermal Systems Design 
• Scaled HTHX Tests 
 
 
2.1  HTHX Thermal Systems Design (PI:  Yitung Chen, UNLV) 
 
2.1.1  HTHX Thermal Systems Design Highlights 
 
• 3-D Model Development of an Offset Strip-fin Plate-type Compact HTHX.  A 
parametric study was performed on increasing the hydraulic diameter from around 2 mm 
to 4 mm and 6 mm.  As expected, there was a large decrease in both pressure drop and 
heat transfer.  Validation cases were successfully run for unsteady flow modeling to 
benchmark the approach.   
• Numerical Analyses of the Ceramatec Sulfuric Acid Decomposer.  Fluid flow, heat 
transfer, thermal stress and mechanical stress calculations for the sulfuric acid 
decomposer test coupon with straight channels were completed.  The mechanical stress is 
insignificant compared to the thermal stress.  The maximum thermal stress exceeds the 
limit of the tensile strength which may lead to cracking.   
• A journal file for creating the overlapping offset hexagonal coupon geometry was 
produced. This file will be used for the parametric analysis of the geometry based on 
maximum performance, minimum pressure drop and maximal durability. The variable 
parameters of the analysis are wall thickness, width of the hexagon, length of the 
hexagon, height of the plate, and percentage of overlapping.  Analyses indicate that the 
pressure drop is acceptable.   
• Sulfuric acid decomposition in a single channel simulation with Pt catalyst show 
reasonable results. 
• Sulfuric Acid Decomposition Heat Exchanger Design using Self-catalytic Material.  
The results of a 3-dimensional model for SO3 decomposition using Pt as a catalyst with 
constant wall temperature showed good agreement with the 2-D case.  However, the 
preliminary results of a two-fluid 3-D model that exchanges heat with a He stream is 
giving poor results and will need to be further refined. 
 
2.1.2  HTHX Thermal Systems Design Technical Summary 
 
Numerical Analyses with Chemical Reactions and Optimization Studies for Ceramatec 
Sulfuric Acid Decomposer: 
  
Fluid flow and heat transfer calculations for the Ceramatec, Inc. sulfuric acid decomposer test 
coupon were completed by using Fluent 6.2.16. The overall coupon assembled geometry is 
shown in Figure 1. In the figure, the black arrows denote the flow directions.  The working fluids 
for all of the upper and lower channels are air for the initial study.  Boundary conditions: air flow 
rates for the upper and lower channels are 0.23 kg/hour. Inlet temperatures: 500 K for the upper 
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channels and 300 K for the lower channels. Operation pressure is 1 atm.  The velocity 
distribution in the channel centers of upper layer was found to be close to uniform (about 20% 
variation from average).  The maximum static pressure drop for the coupon is 10 kPa. The 
temperature distribution for the upper layer of the coupon was also calculated.   
 
The journal file for building up the overlapping offset hexagonal coupon geometry shown in 
Figure 2 was created. This file will be used for the parametric analysis of the geometry based on 
maximum performance, minimum pressure drop and maximal durability. The variable 
parameters of the analysis are wall thickness, width of the hexagon, length of the hexagon, height 
of the plate, and percentage of overlapping.  The fluid flow calculations for the geometry with 
Re=600 has been performed. The static pressure distribution is shown in Figure 3.  The 
calculated pressure drop (1.4 kPa) is deemed acceptable. 
 
The flow calculations with sulfur trioxide decomposition ( 223 OSO2SO2 +→ ) for the one 
channel geometry with platinum catalyst was performed. The calculation domain and boundaries 













Figure 2. Overlapping offset hexagonal SiC coupon geometry. 
 





Figure 4. Calculation domain and boundaries. 
 
 
Stress Analysis and Optimization of Ceramatec HTHX: 
 
The thermal and mechanical stress analyses for the coupon were accomplished by using ANSYS 
10. Since the properties of the ceramic material (silicon carbide) are very sensitive to 
temperature, the variable material properties were used for the calculations as shown in Figure 5.  
Figure 6 shows the thermal stress distribution and the mechanical stress distribution is shown in 
Figure 7. According to the results, the obtained mechanical stresses are much lower than thermal 
stresses. For operation conditions with a 200 K temperature difference between the channels and 
static pressure at 1.5 MPa the maximal mechanical stress is 2.3 MPa. The maximal thermal stress 
is 522 MPa. Therefore, the obtained mechanical stresses can be neglected compared with thermal 
stresses for these conditions and the thermal stresses can transcend the limit of tensile strength 
for the coupon material (SiC), which can be the reason for crack appearance. 
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Optimization, Transient Hydrodynamics, and Thermal Studies of Off-set Strip Fin High 
Temperature Heat Exchanger Design: 
 
Two validation cases to investigate unsteady flow modeling were used.  Both cases were for the 
flow of water over a backward facing step, where one experiment was for the laminar regime and 
the other was for the turbulent regime.  In the unsteady laminar flow case the model’s 
reattachment point verified the experiments data.  Also, the unsteady turbulent flow model, using 
the k-ω model, was validated.  The unsteady flow validation was then continued by looking at a 
3-D base case of an offset strip-fin geometry.  Simulations for both a laminar and transitional 
flow regime were conducted, where the laminar flow was at a Reynolds number of 1,000 and the 
transitional flow was at a Reynolds number of 3,000.  The results for the laminar flow simulation 
produced a pressure drop of 1.17 Pa, but the experimental results showed that a pressure drop of 
5.09 Pa was to be expected.  Some of this error can be attributed to the assumptions made in the 
simulation: uniform velocity inlet, no slip wall conditions, constant material properties, and the 
neglecting of end wall effects by the use of symmetric boundary conditions.  These assumptions 
also had an effect on the results from the unsteady transitional flow case, were the calculated 
pressure drop was 3.76 Pa and a pressure drop of 24.6 Pa was to be expected.  It should also be 
noted that a steady state model for the same conditions and geometry were ran for the laminar 
flow case, and this revealed that in this instance a steady state model under-predicted the 
pressure drop by approximately 30%, where the pressure drop for the steady state model was 
0.89 Pa. 
 
Meshes and geometries for the 2-D study of both the helium and liquid salt sides of the HTHX 
offset strip-fin heat exchanger have been created.  The steady state simulations of these 
geometries were completed, and the unsteady state simulations are currently running.  Upon 
completion of the unsteady simulations an accurate determination of the effects of unsteady flow 
on the hydrodynamic performance of the offset-strip fin heat exchanger can then be made. 
 
A study on the steady state effects of changes in hydraulic diameter size was performed for 
rounded fin edge geometries, where only two increases in hydraulic diameter size were 
investigated.  Values for the overall length, mass flow rates, fin lengths, gap lengths, and fin 
thicknesses were held constant in each instance.  Therefore, changes to the hydraulic diameter 
size were made by increasing both the span-wise pitch and the channel heights.  The effects from 
these changes revealed that as the hydraulic diameter increased there was a significant drop in 
both pressure drop and thermal power as indicated in Table 1.  A drop in both performance 
values was expected, since increasing the hydraulic diameter and leaving the overall dimensions, 
1m x 1m x 0.4m, of the offset strip-fin heat exchanger fixed decreases the total number of flow 
channels.   
 
Table 1.  Results of varying hydraulic diameter for the off-set strip fin HTHX. 
Overall Length 
(m) 






Fin Thickness (mm) 
     
He LS He LS He LS He LS He LS 




Numerical Analyses of Metallic Heatrix-type Sulfuric Acid Decomposer: 
 
Flow calculations with sulfur trioxide decomposition for the tubular geometry with an iron oxide 
(Fe2O3) catalyst were performed. The length of the tube is 0.5 m, the radius is 0.5 mm. The mass 
flow rate is 5.9⋅10-7 kg/sec.  The inlet temperature of the mixture is 600 C and the wall 
temperature is constant at 1002 C.  It was found that the SO3 decomposition reaction with the 
iron oxide catalyst occurs rapidly and only at the initial part of the tube while the decomposition 
takes place more slowly along the whole length of the tube for the reaction with platinum 
catalyst.  The reason is that the activation energy for the iron oxide catalyst is 36.3 kJ/kg-mol 
which is much less than the activation energy for the platinum catalyst (88.0 MJ/kg-mol). 
Therefore, the decomposition rate for the reaction using the iron oxide as catalyst is much higher 
than that using platinum as catalyst (by approximately 2,500 times).      
 
Initially, a three-dimensional grid was generated for the reactor tube with the same dimensions as 
the MIT design (diameter = 1.6 mm and length =500 mm).  Numerical simulation was carried 
out to find the percentage decomposition of sulfur trioxide at a temperature of 870 C. The heat 
source for the decomposition reaction comes from a constant wall surface temperature boundary 
condition.  The simulation case was carried out using FLUENT keeping every other input 
parameter similar to the two-dimensional analysis.  Contours of the mass fraction of sulfur 
trioxide are shown in Figure 8. The percentage decomposition of sulfur trioxide is 26.5% which 
is same as the two-dimensional cases, so two-dimensional analyses predicted the decomposition 









Preliminary numerical simulations were carried out on a three-dimensional grid with two fluids 
flowing in a counter flow type heat exchanger.  Helium enters the heat exchanger at about 872 C 
and the operating pressure on the helium side is 7 MPa.  In the other channel, the reacting 
mixture enters the heat exchanger at around 600 C and the operating pressure is about 0.7 MPa. 
The helium inlet velocity is 16 m/s and the mixture inlet velocity is 0.183 m/s.  Unfortunately, 
the percentage decomposition of sulfur trioxide was found to be 3.5% which is much lower 
compared to simulations with a constant wall surface temperature. The constant wall surface 
temperature boundary condition allows an infinite heat source which could explain the 
difference.  However, further investigation on both the modeling as well as the design conditions 
is required to ensure that this type of heat exchanger meets performance needs.   
 
 
2.2  Scaled HTHX Tests (PI:  Samir Moujaes, UNLV) 
 
2.2.1  Scaled HTHX Tests Technical Summary 
 
Progress on the Experimental Heat Exchanger Setup and Testing Design 
 
The main purpose of the experimental apparatus is to test the heat transfer coefficient for the heat 
exchanger and friction coefficient for the pressure drop of the offset strip fins in the heat 
exchanger core. The experiments will be run under the idealizations of steady state conditions, 
uniform temperature/flow distribution over every flow cross section, and constant specific heat 
for each fluid.   
 
Progress for this reporting period is the following:   
 
The laboratory area has been set isolated from other experiments and equipment in the multi-
purpose room by a fence.  The actual experimental area is less than 100 square feet. By the end 
of December 2005, 80% of the equipment has been ordered.  A piece of the test section that 
contains fins for air flow made of acrylic sheet (plexiglass) was machined by the machine shop. 
The CNC facility has the ability to machine this test section with reasonable precision and time. 
A piece of the test section with fins for liquid flow was also fabricated. Because of the smaller 
fluid channels, the working surface is not as smooth as the bigger air section. The tolerance for 
the dimension is about 0.2 mm. The uncertainty caused by the tolerance will be 5%. More 




3.0  UNLV Materials Selection and Characterization Group (PI:  Ajit Roy, UNLV) 
 
3.1 Introduction and Highlights 
 
The selection of structural metallic materials and alloys for high-temperature heat exchangers 
(HTHX) to generate hydrogen using nuclear power poses a major challenge to scientific and 
engineering communities. These materials must possess excellent resistance to numerous 
environment-induced degradation and superior high-temperature metallurgical properties.  
 
The tensile properties of Alloys C-22, C-276 and Waspaloy have been evaluated at temperatures 
ranging between ambient and 800oC using the Instron test equipment. Alloys C-22 and C-276 
have also been tested at 1000°C. In addition, the tensile properties of Alloy 800H have been 
determined by the Instron unit at temperatures up to 600°C. As to the cracking behavior of all 
four alloys, stress corrosion cracking (SCC) tests have been performed in an aqueous solution 
containing sulfuric acid and sodium iodide using both constant-load and slow-strain-rate (SSR) 
testing techniques. SCC testing under controlled potential has also been performed using the SSR 
technique in a similar environment involving all four alloys. 
 
SCC and tensile properties evaluations have also been performed involving candidate structural 
materials for the HIx decomposition process. The cracking susceptibility of refractory materials 
including Zr705, Nb1Zr and Nb7.5Ta has been determined in a similar environment using the 
SSR technique. SCC testing at constant-load has also been performed on Zr705. The tensile 
properties of all three alloys have been evaluated at temperatures ranging from ambient to 
400°C. The role of applied potential on the cracking susceptibility of Zr705 has also been 
explored in a similar aqueous solution. 
 
The susceptibility of both nickel-base and refractory materials to localized corrosion has been 
determined by Cyclic potentiodynamic polarization technique. Additionally, the general 
corrosion and SCC behavior of Alloys C-22, C-276, Waspaloy and Zr705 have been evaluated in 
a 150°C acidic solution using coupons and self-loaded (C-ring and U-bend) specimens contained 
inside an autoclave. 
 
Microstructural evaluations of all seven alloys have been performed by optical microscopy. The 
extent and morphology of failure in all specimens used in both the SCC and tensile testing have 
been determined by scanning electron microscopy. 
 
3.2 Technical Progress Summary 
 
The magnitude of the yield strength (YS), ultimate tensile strength (UTS) and the failure stress 
for all seven alloys was gradually reduced with increasing temperature, as shown in Figure 9, in 
the form of engineering stress vs. strain diagrams.  For nickel-base Alloys C-22 and C-276, no 
difference in YS and UTS was observed at 1000°C.  The variations of YS and UTS with 




          
       
            
 
            
 
Figure 9a.  Engineering Stress-Strain Diagram vs. Temperature. 
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Figure 9b.  Engineering Stress-Strain Diagram vs. Temperature. 
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Figure 10.  YS, UTS, %El and %RA vs. Temperature for alloys C-22, C-276, Waspaloy and 
800H. 
 
                     Nb1Zr  
1 ksi = 6.8948 MPa 
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Figure 11.  YS, UTS, %El and %RA vs. Temperature for Zr705 and Nb7.5Ta. 
 
 
Significant ductility was noticed with all three nickel-base alloys (Alloys C-22, C-276 and 
Waspaloy) due to enhanced plastic flow in multiple slip planes oriented in different directions. 
The enhanced plasticity in these alloys may be attributed to the presence of high nickel content. 
 
For nickel-base alloys and Alloy 800H, the magnitude of failure strain was gradually reduced up 
to a critical temperature, followed by its enhancement at higher temperatures. This critical 
temperature ranged between 200°C and 300°C. The ductility in terms of percent elongation 
(%El) and percent reduction in area (%RA) is illustrated in Figures 10 – 12 as a function of the 
testing temperature. Waspaloy exhibited the least ductility at elevated temperatures. 
 
For refractory materials (Zr705 and Nb7.5Ta) the failure strain was enhanced upto a critical 
temperature followed by a gradual reduction at higher temperatures. The critical temperatures for 
Zr705 and Nb7.5Ta were 200 and 100°C, respectively. The ductility in terms of %RA was 
almost 100% for Nb7.5Ta irrespective of the testing temperature. However, for Zr705, there was 
a gradual enhancement with increasing temperature, as illustrated in Figure 11. The failure strain 




   
 
   
 
Figure 12.  YS, UTS, %El and %RA vs. Temperature for Nb1Zr. 
 
 
The results of SCC testing using the SSR technique indicate that the failure stress and failure 
strain were reduced in the presence of the acidic solution at elevated temperatures, as illustrated 
in Figure 13. However, the effect of elevated temperature on the cracking susceptibility of Alloy 
C-276 was insignificant, suggesting a better SCC resistance of this alloy. 
 
The testing environment did not influence the cracking susceptibility of Zr705 even at elevated 
temperatures. Enhanced ductility was noticed with this alloy at elevated temperatures even in the 
presence of an acidic aqueous solution. These results may suggest that Zr705 may not undergo 
cracking unless either the testing temperature is increased or the severity of the environment is 
enhanced. As to the cracking susceptibility of Nb7.5Ta, the cracking tendency was enhanced 
with increasing temperature, as expected. 
 
The results of localized corrosion studies using the CPP technique in a similar environment 
indicate that both the corrosion potential (Ecorr) and critical pitting potential (Epit) became more 
active (negative) with increasing temperature, as shown in Table 2. No Epit value was obtained 
for Zr705 due to the lack of slope change in the CPP diagram. 
 
    Nb1Zr     Nb1Zr 
    Nb1Zr 
    Nb1Zr 
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Figure 13b.  Results of Slow-Strain-Rate Testing. 
 
 
The application of cathodic and anodic controlled potential (Econt) during straining under SSR 
condition caused enhanced cracking susceptibility in terms of failure strain, as shown in Figure 
14. 
 
The results of limited autoclave testing involving nickel-base alloys in a 150°C acidic solution 
revealed maximum weight loss in Waspaloy, as shown in Figure 15. 
 
All materials tested in the solution-annealed condition revealed conventional metallurgical 
microstructures by optical microscopy. The optical micrographs for nickel-base materials and 
Alloy 800H were characterized by the presence of annealing twins, as illustrated in Figure 16. 
 
The cylindrical specimens used in both tensile and SCC testing revealed dimpled 





Table 2.  Results of CPP Testing 
 
Material Temperature Ecorr, mV (Ag/AgCl) Epit, mV (Ag/AgCl) 
30 301 623 
60 274 575 Alloy C-22 
90 245 470 
30 243 592 Alloy C-276 
90 213 499 
30 281 622 Waspaloy 
90 222 564 
30 302 620 
60 250 611 Alloy 800H 
90 240 604 
30 280 - 
60 238 - Zr705 
90 195 - 
30 130 521 
60 92 418 Nb7.5Ta 
90 45 396 
30 152 585 
60 106 468 Nb1Zr 
90 95 453 
 
 
   
 
Figure 14.  Results of SCC Testing under Controlled Potential for Zr705. 





Figure 15.  Weight-Loss vs. Time. 
 
 
        
 
                           Alloy C-22                                                                     Alloy C-276 
 
Figure 16a.  Optical Micrographs. 
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Figure 17b.  SEM Micrographs. 
 
 
3.3  Plans for Next Quarter 
 
• Evaluate tensile properties of Alloy 800H at 800 and 1000°C using Instron testing 
equipment. 
• Determine impact energy and ductile-brittle transition temperature of all candidate test 
materials using Charpy V-notch specimens. 
• Evaluate plane strain fracture toughness of all test materials using compact-tension (CT) 
specimens. 
• Perform crack growth studies involving CT specimens with and without the presence of 
an aqueous environment. 
• Perform crack growth studies using double-cantilever-beam (DCB) specimens contained 
in an autoclave in the presence of an aqueous solution at elevated temperatures. 
• Determine the general corrosion rate, and SCC susceptibility using self-loaded specimens 
inside an autoclave. 
• Characterize defects (dislocations/voids) in tested cylindrical specimens by transmission 
electron microscopy (TEM) to develop a basic understanding on dynamic strain-aging 
due to the variation in temperature during plastic deformation. 
• Include Inconel 617 and 718 in the test matrix and perform relevant testing. 
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4.0  Materials, Design and Modeling for C/SiC Ceramic Heat Exchangers, (PI:  Per 
Peterson, UCB) 
4.1  Objectives and Scope 
 
UCB’s role in the HTHX project is to develop ceramic compact heat exchangers for use in 
NGNP intermediate loop and hydrogen production loops. The work scope includes:  
identification and characterization of candidate ceramic heat exchanger materials and processes, 
identification and demonstration of candidate ceramic heat exchanger fabrication methods, and, 
design and modeling of high temperature heat exchangers. 
 
4.2  Highlights 
 
• U.C. Berkeley, working with COIC on the development of compact C/SiC ceramic heat 
exchangers, successfully demonstrated the fabrication and pyrolysis of chopped carbon 
fiber reinforced, silicon-carbide polymer infiltrated and pyrolyzed (PIP) plates with high-
quality millimeter-scale fins formed using Teflon molds.  The Teflon molds were proven 
to be reusable, so that the process clearly extrapolates to allow inexpensive mass 
fabrication of compact ceramic heat exchangers.  
• The report on C/SiC composite fabrication methods and test results was completed.  This 
satisfies a deliverable requirement.  
• The helium to liquid salt ceramic intermediate heat exchanger (IHX) design is being 
refined to reduce the global stress concentration at necks of IHX inlet/outlet holes. 
 
4.3  Technical Progress Summary 
 
4.3.1  PIP C-C/Si-C composite and other composite material study 
 
The ceramic material supporting vendor, COIC has completed the Task 3 activities in its work 
with U.C. Berkeley to develop and demonstrate the polymer infiltration and pyrolysis (PIP) 
method for the fabrication of compact carbon fiber reinforced composite ceramic heat 
exchangers. In this task COIC developed improved mixing processes and optimized use of 
catalyst to reduce pore generation and SiC powder agglomeration to small levels. Flat sample 
coupons were fabricated and will be tested for mechanical properties at U.C. Berkeley. COIC 
then fabricated plates with fins, using Teflon molds fabricated by U.C. Berkeley. Successive 
process improvements resulted in the successful fabrication of 1 mm and 1.5 mm high fins with 
high dimensional quality. The porosity on cure was almost completely removed. The plates were 
cleanly released from Teflon molds. Figure 18 shows PIP C/SiC composite plate fabricated using 
1mm through Teflon mold. Pyrolysis and infiltration of these samples was then demonstrated. 
Figure 19 shows the pyrolyzed plates with 1.5 mm fin height. During pyrolysis, some warping of 
the plates was observed. A noteworthy result of the COIC work was the demonstration that the 
Teflon molds can be used multiple times without noticeable degradation. This shows that Teflon 













Very good surface quality
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Upcoming work in Task 4 will focus on fabrication of test plates with prototypical fin geometries 
and spacing, and lamination of these plates to create a small cross-flow heat exchanger geometry. 
U.C. Berkeley has fabricated these molds and they have been shipped to COIC. The primary 
focus of this work will be on the demonstration of the fabrication of strong joints between fins 
and backing plates, where several potential approaches (green vs. pyrolyzed plates, filled vs. 
unfilled polymer) will be tested to determine the optimal approach. 
 
4.3.2  Compact heat exchanger thermal design study 
 
The helium to liquid salt ceramic intermediate heat exchanger (IHX) design is being refined to 
reduce the global stress concentration at necks of the ceramic IHX inlet/outlet holes. 
Modification of the design near the holes can effectively reduce stress concentration. Figure 20 
shows that widening the neck lowered the global stress in the neck region by ~30%. Artificially 
high stresses caused by the region interface of the effective cell properties used in global 
modeling have been identified and methods to exclude this artificial effect from real stress 
concentrations are being studied. Figure 21 shows that the location and amount of global stress 
depend on location of the interface boundary. The actual maximum local compressive stress near 








Figure 21.  Artificial stresses caused by region interface. 
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5.0  Corrosion Studies of Candidate Structural Materials in HIx Environment as 
Functions of Metallurgical Variables (PI:  Bunsen Wong, General Atomics) 
 
5.1  Research Progress and Accomplishments 
 
The level 2 milestone (11/30/05) “Installation of Crack Growth Test Apparatus (Phosphoric Acid 
Concentration” was completed during this quarter. 
 
5.1.1  Long Term Immersion in HIx (completed)  
 
Long term immersion testing of Ta-2.5W and Nb-7.5Ta in HIx at 310°C has been completed. 
Testing of Ta-10W and Nb-10Hf was completed last quarter.  Figures 22 and 23 show the 
progression of a Ta-2.5W and a Nb-7.5Ta coupon immersed in HIx for 2070 and 1128 hours, 
respectively. The samples show no sign of corrosion at the end of long term testing. A summary 
of the corrosion rate for all four material candidates after immersion corrosion testing is listed in 
Table 3. The rate is lower than the initial targeted values: Tubing, Valves – 0.075 mm/year in 
test; Vessel, Pipe – 0.5 mm/year in test. Hence, these materials are good construction material 
candidates to be used in a high temperature HIx environment.   
 
5.1.2  Processing Effects on Corrosion Properties (ongoing) 
 
Testing of mechanical specimens provided by UNLV continued. The aim is to study the stress 
corrosion and crack initiation and growth characteristics of the various qualified materials. In this 
quarter, tensile specimens of Nb-7.5Ta and Nb-1Zr were tested in HIx at 310°C and the results 
are shown in Figures 24 and 25.  The surface of the Nb-7.5Ta specimen has taken on a dark 
brown color which is the result of a passivation growing on the surface. The tensile specimen 
will be returned to UNLV for testing. The Nb-1Zr specimen has been corroded extensively. The 
dissolution is so severe that the test area has been totally dissolved. This behavior is similar to an 
Nb-1Zr immersion coupon from the screening phase. The possible ground behind this 
phenomenon is currently being investigated. 
 
Heat Exchanger Material Testing for Extractive Distillation  
 
The GA group is trying to identify and develop heat exchanger construction materials for three 
environments within the extractive distillation section. They are (1) iodine separation, 
(2) phosphoric acid concentration, and (3) HI gaseous decomposition. Test systems have been set 


























Figure 22.  Ta-2.5W corrosion coupon with an e-beam weld tested in HIx at 310°C. 






Figure 23.  Nb-7.5Ta coupon tested in HIx at 310°C.  
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Table 3.  Corrosion rate of Ta-2.5W, Ta-10W, Nb-10Hf and  
Nb-7.5Ta coupons tested in HIx at 310°C 
 
  Corrosion Rate  
  hours mpy mm/yr 
Ta-2.5W - 1 2072 0.0035 0.00009 
Ta-2.5W - 2 1040 0.0148 0.00038 
Ta-10W 1078 0.000 0.000 
Nb-10Hf  1120 0.036 0.0009 

















5.1.3  Immersion Testing of Materials in HIx-H3PO4 (Iodine Separation) (ongoing) 
 
Testing of different candidate materials in a HIx-H3PO4 (1:2) acid mixture at 140°C continued. 
Figure 26 shows a post test specimen capsule in which the upper H3PO4 rich and the lower I2 
rich can be clearly identified. During this quarter, Ta-2.5W, Nb-1Zr, Mo, C-22 and C-276 
coupons were tested (Figures 27–31). Of all the materials tested to date, Ta-2.5W shows the best 
corrosion resistance to this acid complex. No signs of corrosion can be observed in the specimen 
after 450 hr of testing (Figure 27). Mo and Nb-1Zr both exhibited minor corrosion especially in 
the lower I2 rich phase. A clear distinction on the corrosion effect of the two acid phases can be 
observed on both specimens. The I2 rich acid appears to be more aggressive than the H3PO4 rich 
phase. Finally, both Hastelloy C-22 and C-276 specimens show pretty significant dissolution in 
the acid complex. Table 4 summarizes the corrosion rate of the specimens tested to date. Only 
Ta-2.5W can be categorized as a good construction material candidate. The result is similar to 
























Figure 27.  Ta-2.5W coupon tested in HIx-H3PO4 at 140°C for 450 hr.  
 
 













Figure 28.  Nb-1Zr coupon tested in HIx-H3PO4 at 140°C for 120 hr. 
 
 

































Figure 30.  Hastelloy C-276 coupon tested in HIx-H3PO4 at 140°C for 120 hr. 
 
 













Figure 31.  Hastelloy C-22 coupon tested in HIx-H3PO4 at 140°C for 120 hr. 
 
 
Table 4.  Corrosion rate of various materials tested in HIx-H3PO4 acid mixture at 140°C. 
Material Density 
 (g/cc) 








Ta -2.5W 16.6 3 120 4.17 0.192 
Nb- 1Zr 8.60 –120 120 2.5 –24.83 
C-22 8.60 –612 120 2.19 –144.60 
C-276 8.80 –629 120 2.19 –145.23 
Zr-705 6.60 –623 120 4.6 –91.31 
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5.1.4  Immersion Testing of Materials in boiling H3PO4 (ongoing) 
 
The phosphoric acid test system has been online since the end of November 2005. Figure 32 
shows a schematic and an actual view of the test system. Based on data from the literature, a list 
of potential candidates has been drawn up and is listed in Table 5. The group is currently trying 
to acquire samples of these materials for testing. The acid concentration used in the tests will be 
between 85–96 wt%.  
 
Figures 33 and 34 show the Ta-2.5W coupons that have been testing in 99 wt% and 95 wt% 
boiling H3PO4. Both coupons did not show any sign of corrosion although a scale has been 
observed on one side of the 99 wt% specimen. Clean metallic surface is evident after the scale is 
removed. Sample of this scale will be sent to UNL so that its composition can be analyzed.  
 
5.1.5  Testing of Materials in HI + I2  + H2 (HI gaseous decomposition)  
 





      
 





Table 5. Construction material candidates for use with boiling conc. H3PO4 acid. 
 
  Materials 
1 Hastelloy B-2 (Ni-Mo) 
2 Silver 
3 Cu Alloy – C 715 (70/30) 
4 Monel 400 (Ni-Cu) 
5.  Cur Alloy – C 706 (90/10) 
6. Alloy C 103 (Nb-10Hf) 




































5.1.6  UNLV Task:  Analytical Studies of the Effects of HI Exposure on Structural 
Materials at High Temperatures (PI:  Allen Johnson, UNLV). 
 
Funding for this task was made available October 1, 2005.  A donated corrosive service 
turbopump was obtained as a contribution (est. value ~$25K) and will be incorporated with 
control parts into the planned “dehalogenation” facility to allow the investigation of porous and 
halogen adsorbent materials (ceramic and carbon based, respectively). 
 
SEM/EDX and XPS investigations of metal-based materials were started on the samples from 
GA.  Three alloys (Ta/W, Nb/Hf, Nb/Zr) and a sample of Nb/Zr that had catastrophically failed 
were examined.  The residue left behind the failed sample was also examined and reference 
studies of the bulk material were performed. 
 
Ta-2.5W showed no evident protective oxide layer by SEM – however, a 400 nm Ta oxide layer 
was noted by XPS sputter depth profile and characterized by XPS to be Ta2O5 (Figure 35). 
 
Sample 1c (After 30s of sputtering)
BINDING ENERGY - EV








































XP S  Li n eCh e m S h Ad j ' e d  At o m %
Si 2p 2.347 101.347 2.195
Ta 4d5 0.844 230.844 2.707
W 4d3 -3.32 255.680 .114
C 1s 0.002 284.602 79.547
Ca 2p 0.539 347.539 .296
O 1s -0.752 531.248 15.001
Fe 2p3 -1.677 708.323 .140
XP S  Li n eCh e m S h Ad j ' e d  At o m %
Ta 4d5 0.844 230.844 95.971
W 4d3 -3.32 255.680 4.029
Figure 35.  XPS of surface Ta oxide layer in Ta-2.5W 1000hrs. 
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Nb-10Hf showed an approximately 1 um thick oxide by SEM (see Figure 36), and the EDX 
investigation showed Ta and O at the interface.  XPS SDP showed a broad interface, suggesting 
a surface layer with 1-2 um thickness composed of Niobium oxide (Nb2O5 or surface oxide 
species in Figure 37). 
 
Nb-1Zr (sample 4 – unfailed) XPS showed an oxide layer that was of varying thickness from 
200-1000 nm deep, composed of Nb2O5.  However, even at very shallow distances (~10 nm) 
significant reduced Nb was observed.  SEM investigations were consistent with this result 
(Figure 38).  It is interesting to note on this sample XPS found about 4% silicon as silica on the 
surface (Figure 39). 
 
Nb-1Zr (sample 3 – failed).  In this sample the oxide layer is very thin to missing.  The silicon 
contamination was suppressed, while the lead contamination was increased (Figure 40).  The 
corrosion residue from this failed sample was Nb2O5, with trace iodine. 
 
In discussions between GA and UNLV collaborators, they tried to determine the most likely 
sources of silicon and lead in the Nb-1Zr samples.  The silicon could be leached from the pyrex 
glass reaction vessels used for the corrosion test.  The lead was more problematic.  The alloys 
were examined by XPS in cross section, looking at the bulk alloy composition and in all cases 























Figure 36.  SEM image of the interface in Nb-10Hf 1000hrs. 
indicates where spot analysis was 
taken on thin oxide 
 39
 


















Figure 38.  SEM/EDX of Nb-1Zr 270 hrs. See Figure 36 for scale bar. The oxide layer is roughly 
1 micron thick (X indicates where spot analysis was taken on thin oxide). 
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Sample 4c (After 30s of sputtering)
BINDING ENERGY - EV















































XP S  Li n e Ch e m S h Ad j ' e d  Be At o m %
C 1s -.001 284.599 48.117
O 1s .099 532.099 33.359
Si 2p 4.025 103.025 6.485
Pb 4f5 -.072 142.928 .261
Nb 3d3 1.974 209.974 10.735
Zr 3d3 1.183 184.183 .544
Cr 2p3 1.688 576.688 .245
Fe 2p3 -2.102 707.898 .254
XP S  Li n e Ch e m S h Ad j ' e d  Be At o m %
Nb 3d3 1.974 209.974 95.180
Zr 3d3 1.183 184.183 4.820
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XP S  Li n e Ch e m S h Ad j ' e d  Be At o m %
C 1s -.003 284.597 71.455
O 1s -1.653 530.347 18.891
Si 2p 2.762 101.762 .645
Pb 4f7 .595 138.595 1.227
Nb 3d3 1.129 209.129 7.676
Zr 3d5 -.645 179.355 .106
XP S  Li n e Ch e m S h Ad j ' e d  Be At o m %
Nb 3d3 1.129 209.129 98.634
Zr 3d5 -.645 179.355 1.366
Figure 40.  Nb-1Zr (failed after 790 hrs).  Note the increased amount of Pb on the surface (~1%) 
and lower silicon contamination. 
 
 
At the HTHX review the week of December 5, collaborators met and discussed the results, and 
came to the conclusion that the Nb-1Zr material may not reform the protective oxide layer 
desired.  An experiment was suggested where the oxide layer in Nb-1Zr was intentionally 
damaged to see if the catastrophic failure could be induced.  The other alloys seem to be working 
as expected. 
 
The dehalogenation/degassing apparatus is continuing to be constructed, and it is expect that 
more complex materials will be looked at after exposure to HIx and other reactive environments. 
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6.0  The Development of Self Catalytic Materials for Thermochemical Water 
Splitting Using the Sulfur-Iodine Process (PI:  Ronald Ballinger, MIT) 
 
6.1  Introduction 
 
The Sulfur-Iodine process, as it is currently envisioned, will require that an H2SO4 
decomposition reaction be accomplished over the temperature range from 450-850°C.  After 
decomposition the reaction: 
SO3⇒ SO2 + ½ O2 
 
must be promoted using a suitable catalyst.  The goal of this task is to develop a heat exchanger 
that will also be able to serve as a catalyst for the above reaction. 
 
The general approach for the development process is to focus on an alloy system that would 
normally be considered for the acid decomposition reaction and to modify this chemistry via the 
addition of a catalytic element.  The program is focusing on alloys-800HT and alloy 617 to 
which Platinum has been added to the base chemistry.  Several alloy chemistries will be 
produced, first in small “button” quantity form, and then in larger small heat size form that can 
be fabricated into useful shapes for characterization and analysis-both 
metallurgically/mechanically and for catalyst effectiveness.  Lastly, depending on the results of 
the initial development process, material will be used to fabricate a small heat exchanger for 
actual testing. 
 
This task is being performed in 4 subtasks: (1) Material chemistry identification, procurement 
and metallurgical characterization, (2) Catalyst effectiveness determination, (3) mechanical 
properties determination and (4) prototypic shape fabrication and testing.   
 
6.2  Progress 
 
In this document results of the program are reported for the Quarter October 1-December 31.  
Reporting will be by subtask as identified in the master proposal for the program. 
 
6.2.1 Material Chemistry Identification, Alloy Procurement and Metallurgical 
Characterization 
 
Subtask 1.1: Initial Chemistry Identification& Characterization 
 
This task has been completed and a topical report is still in the process of being prepared.  A 
series of alloy 800HT plus Pt and alloy 617 plus Pt alloys in “button” form have been melted and 
characterized from a metallurgical standpoint.  As a result of this characterization, the chemistry 
of the larger heats have been defined.  The larger heat chemistries will consist of 2 wt% or less Pt 
added to base chemistries for alloys 800 and 617. 
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6.2.2 Alloy Development 
 
Subtask 1.2: Larger Size Quantity Production 
 
As was mentioned above, the chemistries of the larger heats have been defined and final 
quotations for the Pt to be used for the larger alloy heats have been received.  The group is 
awaiting final cost estimates for the fabrication of plate and other material from Special Metals.  
Once these cost estimates are received they will proceed with the alloy manufacture. 
 
Subtask 1.3: Powder Production 
 
No progress was made on this task during this reporting period. 
 
6.2.3 Catalyst Effectiveness Determination 
 
Subtask 2.1: Facility Construction 
 
Assembly of catalyst effectiveness system was completed and the system is in operation. Also, 
the GC unit was calibrated using standard mixtures of SO2 and O2. The system is still currently 
operating using the “standard” furnace.  Hood modifications, which must be certified by the MIT 
EH&S people, have delayed the installation of the high accuracy furnace.  As soon as these 
modifications are certified the furnace will be installed.  In addition, based on EH&S evaluation 
of the GC system installation, a separate vent hood is being installed over the GC unit to 
scavenge any residual SO2 that is released during the sampling process.  The GC unit is located 
outside of the main hood for ease of operation of the system-thus the additional precautions.  
 
Figure 41 shows a schematic of the final design. H2SO4 will be boiled and decomposed in a high 
temperature furnace @ 900°C during an initial pass through the furnace. The exit gas stream, 
having passed over the catalyst where the conversion of SO3 to SO2 reaction takes place, will 
contain water vapor, SO2, O2 and any remaining SO3. A collection flask placed after furnace exit 
will remove the SO3 remaining and water vapor. Then the remaining stream of SO2 and O2 will 
be fed into helium carrier gas that will pass through the Gas Chromatograph where the 
concentration of SO2 and O2 will be measured. Mass balance between the sulfuric acid feed and 
the collection flask will be closely monitored for an in-depth evaluation on the catalyst 
effectiveness in conjunction with the Gas Chromatography analysis. 
 
Subtask 2.2: Catalyst Proof of Principal 
 
Samples of rolled sheet material fabricated from the “button” alloys are now being used to 






Figure 41.  Schematic of the Catalyst Effectiveness System. 
 
 
Subtask 2.3: Catalyst Effectiveness 
 
The first data has been obtained from the catalyst effectiveness system.  After initial shake down 
of the system a sample of Alloy 800 + 5% Pt was tested.  The results of this test, while still being 
analyzed, clearly indicate that the material is acting as a catalyst.  Figure 42 shows the test 
sample before and after the test.  The test was conducted at 900ºC for a period of 240 min.  





Figure 42.  Alloy 800 + 5 wt% Pt Test Sample Before and After Testing. 
 
 
6.2.3 Mechanical Properties Determination 
 
The group is currently on schedule with the research plan in this task. 
 
6.2.4 Prototypic Shape Fabrication and Testing 
 
Subtask 4.1: Compact Heat Exchanger 
 
Two quotations have been received from the Heatric Company for the production of test article 
heat exchangers.  The group has evaluated which design (Printed Circuit Heat Exchanger 
(PCHE) or Formed Plate Heat Exchanger (FPHE)) will be used in terms of cost and overall 
effectiveness.  There is no practical difference in cost when the total cost (including the cost of 
Pt) is considered.  The results of the detailed Pt cost analysis is shown in Table 6.  Thus, they are 
in contact with Heatric to determine which unit would have the highest probability of successful 
fabrication with the intention of proceeding with this unit.   
 
Subtask 4.2: Shell & Tube Heat Exchanger 
 
No progress was made on this task during this reporting period. 
Alloy 800 + 5 wt% Pt 
Alloy 800 + 5 wt% Pt 
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Table 6. Platinum Cost Estimates for PCH and FPHE Heat Exchanger Designs. 
 
Material Characteristics:




Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
617 0.01 Alloy + Pt 76 90 600 0.9 48600 3693600 0.0036936 31.36198824 31.04836836 0.313619882 0.689963741 11.03941986 8831.535888 11039.41986
617 0.01 Alloy + Pt 20 50 100 0.9 4500 90000 0.00009 0.764181 0.75653919 0.00764181 0.016811982 0.268991712 215.1933696 268.991712
617 0.01 Alloy 24 90 600 0.9 48600 1166400 0.0011664 9.90378576 9.90378576 0 0 0 0 0
Total 101700 4950000 0.00495 42.029955 41.70869331 0.321261692 0.706775723 11.30841157 9046.729258 11308.41157
Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
800 0.01 Alloy + Pt 76 90 600 0.9 48600 3693600 0.0036936 29.82618936 29.52792747 0.298261894 0.656176166 10.49881865 8399.054924 10498.81865
800 0.01 Alloy + Pt 20 50 100 0.9 4500 90000 0.00009 0.726759 0.71949141 0.00726759 0.015988698 0.255819168 204.6553344 255.819168
800 0.01 Alloy 24 90 600 0.9 48600 1166400 0.0011664 9.41879664 9.41879664 0 0 0 0 0
Total 101700 4950000 0.00495 39.971745 39.66621552 0.305529484 0.672164864 10.75463782 8603.710258 10754.63782
Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
617 0.02 Alloy + Pt 76 90 600 0.9 48600 3693600 0.0036936 31.84548048 31.20857087 0.63690961 1.401201141 22.41921826 17935.37461 22419.21826
617 0.02 Alloy + Pt 20 50 100 0.9 4500 90000 0.00009 0.775962 0.76044276 0.01551924 0.034142328 0.546277248 437.0217984 546.277248
617 0.02 Alloy 24 90 600 0.9 48600 1166400 0.0011664 10.05646752 10.05646752 0 0 0 0 0
Total 101700 4950000 0.00495 42.67791 42.02548115 0.65242885 1.435343469 22.96549551 18372.3964 22965.49551
Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
800 0.02 Alloy + Pt 76 90 600 0.9 48600 3693600 0.0036936 30.32519472 29.71869083 0.606503894 1.334308568 21.34893708 17079.14967 21348.93708
800 0.02 Alloy + Pt 20 50 100 0.9 4500 90000 0.00009 0.738918 0.72413964 0.01477836 0.032512392 0.520198272 416.1586176 520.198272
800 0.02 Alloy 24 90 600 0.9 48600 1166400 0.0011664 9.57637728 9.57637728 0 0 0 0 0
Total 101700 4950000 0.00495 40.64049 40.01920775 0.621282254 1.36682096 21.86913535 17495.30828 21869.13535
FPHE $16,770
Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
617 0.01 Alloy + Pt 28 90 600 0.5 27000 756000 0.000756 6.4191204 6.354929196 0.064191204 0.141220649 2.259530381 1807.624305 2259.530381
617 0.01 Alloy + Pt 20 50 100 0.5 2500 50000 0.00005 0.424545 0.42029955 0.00424545 0.00933999 0.14943984 119.551872 149.43984
617 0.01 Alloy + Pt 1 56082.45017 210 0.2 2355462.907 2355462.907 0.002355463 20 19.8 0.2 0.44 7.04 5632 7040
617 0.01 Alloy 1 37500 10 2 750000 750000 0.00075 6.368175 6.368175 0 0 0 0 0
617 0.01 Alloy 6 Various
Total 3134962.907 3911462.907 0.003911463 33.2118404 32.94340375 0.268436654 0.590560639 9.448970221 7559.176177 9448.970221
Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
800 0.01 Alloy + Pt 28 90 600 0.5 27000 756000 0.000756 6.1047756 6.043727844 0.061047756 0.134305063 2.148881011 1719.104809 2148.881011
800 0.01 Alloy + Pt 20 50 100 0.5 2500 50000 0.00005 0.403755 0.39971745 0.00403755 0.00888261 0.14212176 113.697408 142.12176
800 0.01 Alloy + Pt 1 58970.22652 210 0.2 2476749.514 2476749.514 0.00247675 20 19.8 0.2 0.44 7.04 5632 7040
800 0.01 Alloy 1 37500 10 2 750000 750000 0.00075 6.056325 6.056325 0 0 0 0 0
800 0.01 Alloy 6 Various
Total 3256249.514 4032749.514 0.00403275 32.5648556 32.29977029 0.265085306 0.583187673 9.331002771 7464.802217 9331.002771
Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
617 0.02 Alloy + Pt 28 90 600 0.5 27000 756000 0.000756 6.5180808 6.387719184 0.130361616 0.286795555 4.588728883 3670.983107 4588.728883
617 0.02 Alloy + Pt 20 50 100 0.5 2500 50000 0.00005 0.43109 0.4224682 0.0086218 0.01896796 0.30348736 242.789888 303.48736
617 0.02 Alloy + Pt 1 55230.98149 210 0.2 2319701.222 2319701.222 0.002319701 20 19.6 0.4 0.88 14.08 11264 14080
617 0.02 Alloy 1 37500 10 2 750000 750000 0.00075 6.46635 6.46635 0 0 0 0 0
617 0.02 Alloy 6 Various
Total 3099201.222 3875701.222 0.003875701 33.4155208 32.87653738 0.538983416 1.185763515 18.97221624 15177.77299 18972.21624
Alloy Platinum Concentration Composition Number of Plates L (mm) W (mm) H (mm) Volume Per (mm^3) Volume Total (mm^3) Volume Total (m^3) Total Mass (kg) Alloy Mass (kg) Platinum Mass(kg) Platinum Mass (lb) Platinum Mass (oz) Minimum Platinum Cost Approximated Platinum Cost
800 0.02 Alloy + Pt 28 90 600 0.5 27000 756000 0.000756 6.2069112 6.082772976 0.124138224 0.273104093 4.369665485 3495.732388 4369.665485
800 0.02 Alloy + Pt 20 50 100 0.5 2500 50000 0.00005 0.41051 0.4022998 0.0082102 0.01806244 0.28899904 231.199232 288.99904
800 0.02 Alloy + Pt 1 57999.86312 210 0.2 2435994.251 2435994.251 0.002435994 20 19.6 0.4 0.88 14.08 11264 14080
800 0.02 Alloy 1 37500 10 2 750000 750000 0.00075 6.15765 6.15765 0 0 0 0 0
800 0.02 Alloy 6 Various










7.0  Development of an Efficient Ceramic High Temperature Heat Exchanger (PI:  
Merrill Wilson, Ceramatec, Inc.) 
 
7.1  Program Highlights 
 
• The first round of sulfuric acid screening tests has completed its 1,000 hr exposure.  
The four silicon based materials experienced weight gains and strength improvements 
over the original unexposed specimens.  This suggests that a passive SiO2 layer forms 
and “heals” surface imperfections. 
• Conceptual designs for advanced micro-channel heat exchangers have been developed 
and are being formulated into test coupons where these designs can be analyzed 
numerically by UNLV (see Section 2.1 above) and verified experimentally by 
Ceramatec, Inc. 
 
7.2  Research Accomplishments 
 
7.2.1 Screening Tests 
 
In December the flexural strength and weight change of specimens of four, silicon-based ceramic 
materials exposed to a mixture of 60% H2O, 24% H2SO4, 2% O2, and 8% N2 at 900°C for 500 h 
was measured.  The strength of the exposed specimens is shown in Table 7.  All of the specimens 
exhibited weight gain after the exposure.  The results suggest that silica continues to grow on the 
surface of the specimens and cause the strength to appear higher than the untreated specimens.  
Microscopy of these specimens will be performed at UNLV.  Additional specimens have been 
exposed for 1000 h, but these have yet to be examined.  The strength and weight gain of these 
specimens will be examined in January. 
 
7.2.2 Full Size Heat Exchanger Wafer Design and Analysis 
 
Several advanced microchannel designs have been considered.  These will first be analyzed (at 
the coupon scale) and those that seem most promising will be fabricated and tested.  These 
results will lead to a revise full-size heat exchanger wafer design. 
 
The advanced microchannel features have been classified for design optimization at the coupon 
level.  The overall design should maximize the heat transferred (to the decomposing sulfuric 
acid) and minimize the pressure drops in the flows.  Conceptually, these advanced designs are an 
arrangement of offset polygons that form an interconnected network of flow channels.  The 
offset features interrupt the straight laminar flow patterns and cause the flow streams to undulate 
in the x, y and z directions.  These undulations enhance the heat transfer by creating repetitive 
“entrance regions” along the flow axis.  This performance increase comes at the cost of increased 
pressure drop.  This analysis effort will predict (and optimize) the heat transfer performance as a 
function of pressure drop (mechanical work). 
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Table 7.  Strength after 500 h at 900°C. 
   






0 409 33.9 -- 
100 522 31.4 128% 
Ceramatec 
Sintered SiC 
60% H2O, 24% H2SO4, 2% 
O2, and 8% N2 
500 611 63.5 149% 
0 359 80.2 -- 
100 534 14.9 149% 
60% H2O, 24% H2SO4, 2% 
O2, and 8% N2 
500 554 18.8 154% 
60% H2O, 24% H2SO4, 
10% Ar 
 100  545  42.0  152 % 
Morgan 
Sintered SiC  
air 
100 496 80.0 138 % 
0 712 36 -- 
100 715 121 100% 
60% H2O, 24% H2SO4, 2% 
O2, and 8% N2 
500 838 77.0 118% 
60% H2O, 24% H2SO4, 
10% Ar 







5 755 54.0 113 % 
0 798 179 -- 
100 1013 112 127% 
Ceradyne Hot 
Pressed Si3N4 
60% H2O, 24% H2SO4, 2% 
O2, and 8% N2 




The analytical parameters to be included in this optimization are: 
1) Number of sides for polygons – hexagons, diamonds, triangles and skewed channels 
will be investigated.  Conceptually, the number of sides in the polygon will change the 
surface area to flow area ratio – thus adjusting the hydraulic diameter without reducing 
the cross-sectional flow area. 
2) Length of the polygons – this parameter determines the number of undulations the 
flow will undergo along the axis of flow. 
3) Width of the polygons – this parameter determines the amount of lateral flow in the 
microchannels. 
4) Depth of microchannels – By using high surface area channels (offset polygons), an 
increase in the channel depth may increase cross-sectional flow area (reduced pressure 
drop) without significantly alterating the heat transfer characteristics. 
5) Spacing of microchannels – The mechanical durability of the microchannels is largely 
a function of the span of the heat transfer layer.  Thus the spacing, composed of the 
channel width and rib width, will determine the mechanical limit of the advanced 
features. 
6) Overlap of polygons along the axis of flow – by staggering these polygons along the 
axis of flow, either tight or gradual undulations will occur.  The penalty for tighter 
undulations is obvious for the pressure drop terms but less well understood for the heat 
transfer.  This parameter will help characterize these interactions. 
7) Alignment of polygons (axial or lateral) – Each of the polygons to be investigated are 
elongated either along the axis of flow or in a lateral direction.  This 0o/90o design 
parameter affects the number and period of flow undulations along the flow path. 
 
Although this is a computationally intensive optimization due to the number of variables, it 
can be simplified.  By doing a preliminary screening where the significant variables 
(geometries) are selected and a more optimal and narrow design window is defined, the 
number of degrees of freedom can be reduced.  During this preliminary screening, exact 
solutions are not required.  Thus, by selecting ordered combinations of variables, the 
functionality of the design parameters can be defined and used for optimization.  These 
approximations can then order the significance of the design parameters and isolate those that 
are most significant.  Additionally, the span for which these design variables are analyzed can 
be reduced.   
 
A Design Of Experiments (DOE), is an analytic tool whereby multiple variables can be varied 
simultaneously and linear or quadratic relationships can be extracted.  These techniques 
obviously lose some of the curvature of the real system, but can simplify the screening 
process.  Thus, the effort can focus on near optimal analysis.  As an example, the design 
considerations above have 6 variables for each geometry (hexagonal, diamond, etc.).  
Assuming that functionality of each variable for each geometry was approximated from three 
iterations, the number of analyses would be 63 or 216.  The DOE for a similar size of 
optimization problem would require about 30 iterations.  Although accuracy may be lost in the 
DOE, the accuracy is reintroduced when the design refinement or final optimization is done. 
 
This Design Of Experiments is being configured and will be started (analytically - UNLV and 
experimentally - Ceramatec, Inc.) next quarter. 
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7.2.3 Component Fabrication 
 
The first batch of flow coupons has been fabricated and is undergoing dimensional analysis.  
These samples include coupons for flow testing and heat transfer testing.  Table 8 describes 
those completed. 
 
Table 8.  Test matrix for the first batch of flow coupons. 
 
Coupon Type Channel Depth Channel Width (# of 
Channels) 
# of Samples 
Flow Test 1x 1x (8) 6 
Flow Test 2x 1x (8) 5 
Flow Test 1x 1.5x (5) 3 
Heat Transfer 1x 1x (8) 9 
Heat Transfer 2x 1x (8) 6 
Heat Transfer 1x 1.5x (5) 5 
 
 
The batching of a second group of coupons has also begun. 
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8.0  Efficiency Improvement and Cost Reduction of Solid Oxide Electrolysis Cells 
Through Improved Electrodes and Electrolytes (PI:  Clemens Heske, UNLV) 
 
8.1  Introduction 
 
UNLV and Argonne National Laboratory (Point of Contact: Mark Petri; Collaborators: John N. 
Hryn, Deborah Myers, Michael J. Pellin, Bilge Yildiz) have teamed up to address the underlying 
materials issues that affect the efficiency and cost-competitiveness of solid-oxide electrolysis 
cells (SOEC) for hydrogen production by high-temperature steam electrolysis.  The project 
investigates structure-property-performance relationships for the hydrogen electrodes and 
electrolytes, as well as the fabrication of thin-film electrolytes using atomic layer deposition 
(ALD) techniques.  The findings from this project will help with the design of higher efficiency, 
more durable, and less costly SOEC systems.  The project draws on the unique combination of 
surface science and interface characterization capability at UNLV and leading-edge experience 
in fuel cell technology, electrochemical characterization, and ALD technology at ANL. The 
project at UNLV has started on November 1, 2005, while the start of the ANL project is 
currently still pending. 
 
8.2  Research Approach at UNLV 
 
The group at UNLV utilizes a combination of different spectroscopic methods to analyze the 
electronic and chemical properties of surfaces and interfaces. In the lab at UNLV, a four-
chamber ultra-high vacuum system (Figure 43) allows researchers to conduct photoelectron 
spectroscopy (XPS and UPS), Auger electron spectroscopy (AES), and Inverse Photoemission 
(IPES) of a sample without exposure to ambient air. These probes are surface-sensitive and allow 
the determination of chemical composition and electronic properties (e.g., band edge positions 
and band gaps) at the surface. 
 
During semi-annual experimental campaigns at the Advanced Light Source, Lawrence Berkeley 
National Laboratory, the group furthermore utilizes soft X-ray Emission Spectroscopy (XES) 
and Near-edge X-ray Absorption Fine Structure (NEXAFS) Spectroscopy. Both can be 
performed in a photon-in-photon-out mode and hence give chemical and electronic information 
about the (surface-near) bulk of a sample (when using different detection schemes, the 
information depth of NEXAFS can be deliberately varied). By combining these two approaches, 
and, in particular, by correlating with results to be obtained by the ANL partners using “hard” X-
ray absorption, diffraction, and scattering, a wealth of information about the structure of thin 
films and interfaces in SOEC devices can be obtained. 
 
8.3  First Results 
 
During the recent experimental run at the Advanced Light Source (November 2-12, 2005), the 
group was able to conduct the first exploratory XES and NEXAFS experiments. The experiments 
were performed within the framework of a different beamtime proposal (on bio-interfaces) and 
hence only very limited time was available. However, beamtime has been granted for a dedicated 
proposal on surfaces and interfaces in hydrogen-producing devices, and the first (out of four) 















Figure 43.  Experimental set-up in the lab at UNLV. (a) Electron analyzer, (b) X-ray source, (c) 
UV source, (d) IPES setup, (e) Mass spectrometry, (f) low-energy ion source, (g) metal 
evaporator, (h) ECR plasma etching chamber. 
 
 
In the November 2005 run, focus was on collecting reference spectra of the various materials 
involved in SOECs.  Figure 44 shows, as an example, a set of O K-edge NEXAFS spectra of 
NiO, Yttria-stabilized Zirconia (YSZ), and (La,Sr)MnO3 (LSMO), which are relevant materials 
classes for the hydrogen electrode, the solid-oxide electrolyte, and the oxygen electrode, 
respectively.  All accessible edges were investigated for these materials (e.g., the Mn and Ni L2,3 
edges), and also suitable emission lines were determined for XES. The XES spectra are currently 
being calibrated and analyzed. 
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Figure 44.  Oxygen K-edge NEXAFS spectra from various materials which are of relevance in 
solid-oxide electrolysis cells. 
 
 
As can be seen from Figure 44, a probing of the oxygen atoms in these materials reveals a 
significant dependence of the corresponding NEXAFS spectra. In NEXAFS, core electrons are 
excited into the lowest unoccupied electronic states, and hence the spectra contain information 
about the local chemical environment, both through a core-level binding energy variation as well 
as through the band structure of the conduction band. Furthermore, the involvement of the 
conduction band allows a probing of the electronic properties. Together with XES, which records 
the X-ray fluorescence observed after a NEXAFS process and which involves electrons from the 
highest occupied states, band gap determinations become possible, even for insulating (or poorly 
electron-conducting materials). In the present case, the spectra in Figure 44 were recorded in the 
“total electron yield” mode, which limits the information depth to several tens of nanometers and 
also indicates that charging problems during photoemission experiments can presumably be 
controlled. 
 
In this case, the spectral dependency can be utilized to study the impact of stoichiometric 
variations in YSZ and LSMO on the electronic properties and hence the level alignment at 
interfaces involving these layers.  For the NiO, the oxidation state can be directly probed, which 
will allow one to investigate oxidation and possible degradation mechanisms. Furthermore, 
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SOEC-relevant layers produced by ALD at Argonne will be able to be investigated as well as the 
impact of this defect-free preparation method on the electronic and chemical properties, both at 
the surface and at interfaces to the electrode materials. 
 
As presented at the UNLVRF quarterly review meeting at UNLV in December 2005, the group 
at ANL, through an LDRD grant, has set up a unique experimental station at the Advanced 
Photon Source in Argonne. This station allows the in-situ analysis of fuel cells with hard X-ray 
methods. Fortunately, this experimental station will also be available for this project on SOECs 
(and is expected to produce data that is complementary to the soft X-ray studies in the UNLV 
project). Therefore, one of the graduate students in the UNLV group (Timo Hofmann) took part 
in an ANL-LDRD-funded beamtime at the Advanced Photon Source in December 2005. 
